Constraint-based modeling is a well established modeling methodology used to analyze and study biological networks on both a medium and genome scale. Due to their large size and complexity such steady-state flux models are, typically, analyzed using constraint-based optimization techniques, for example, flux balance analysis (FBA). The Flux balance constraints (FBC) Package extends SBML Level 3 and provides a standardized format for the encoding, exchange and annotation of constraint-based models. It includes support for modeling concepts such as objective functions, flux bounds and model component annotation that facilitates reaction balancing. Version two expands on the original release by adding official support for encoding gene-protein associations and their associated elements. In addition to providing the elements necessary to unambiguously encode existing constraint-based models, the FBC Package provides an open platform facilitating the continued, cross-community development of an interoperable, constraint-based model encoding format.
Introduction and motivation 1
Constraint-based modeling is a widely accepted methodology used to analyze and study biological networks on 2 both a small and whole organism (genome) scale. Due to their large size these models are generally underde-3 termined and constraint-based optimization methods (such as linear or mixed integer convex optimization) are 4 used to analyze them. Optimization is assumed to occur within a defined set of constraints (e.g. stoichiometric, 5 metabolic) and bounds (e.g. thermodynamic, experimental and environmental) on the values that the solution 6 fluxes can obtain.
7
Perhaps the most well known (and widely used) analysis method is Flux Balance Analysis (FBA) which is performed 8 on Genome Scale Metabolic Reconstructions (GSR's; Oberhardt et al. 2009 ). Using FBA a target flux is optimized 9 (e.g. maximizing a flux to biomass or minimizing ATP production) while other fluxes can be bounded to simulate 10 a selected growth environment or specific metabolic state.
11
As constraint-based models are generally underdetermined and few or none of the kinetic rate equations, flux 12 capacity constraints and related parameters are known it is crucial that a model definition includes the ability to 13 define optimization parameters such as objective functions, flux bounds and constraints. Currently this is not 14 possible in the Systems Biology Markup Language (SBML) Level 2 or Level 3 core specification (Hucka et al., 2011, 15 2003).
16
The question of how to encode constraint-based (also referred to as steady state or FBA) models in SBML is not 17 new. However, advances in the methods used to construct genome scale constraint-based models and the wider 18 adoption of constraint-based modeling in biotechnological/medical applications have led to a rapid increase in 19 both the number of models being constructed and the tools used to analyze them.
20
Faced with such growth, both in number and diversity, the need for a standardized data format for the definition, 21 exchange and annotation of constraint-based models has become critical. As the core model components (e.g.
22
species, reactions, stoichiometry) can already be efficiently described in SBML (with its associated active commu-23 nity, software and tool support) the Flux Balance Constraints package aims to extend SBML Level 3 core by adding 24 the elements necessary to encode current and future constraint-based models. 
Problems with current SBML approaches 2
While there is currently no official way of encoding constraint-based models in SBML L2 there have been pragmatic 3 approaches used by a variety of groups and applications. Arguably the most comprehensive and widely used for-4 mat is that used by the COBRA toolbox (Becker et al., 2007) where the metabolic reaction network is well defined 5 using SBML's Reaction and Species classes. However, other FBA specific model components such as flux bounds 6 and the reactions that take part in the objective function are less well defined. For example, in this case LocalPa-7 rameter elements are used which (implicitly) rely on all tools knowing and using the same naming convention for 8 the parameter id's. Furthermore, reaction annotations are generally stored as tool specific HTML key-value pairs 9 in a Notes element which has routinely led to different research groups and software using in-house and/or tool 10 specific ways to describe the same information. An example of such an annotation is the widely used 'gene pro-11 tein association'. While a step in the right direction, this encoding is not suitable for direct translation into SBML 12 Level 3.
13
It is perhaps worth noting that while SBML Level 2 does have a construct known as Constraint, its function tradi- 
Past work on this problem or similar topics 22
The problem of describing and annotating FBA models in SBML has been raised at various times in the past few In this section, we define the syntax and semantics of the Flux Balance Constraints package for SBML Level 3 2 Version 1. We expound on the various data types and constructs defined in this package, then in Section 4 on 3 page 18, we provide complete examples of using the constructs in an example SBML model. 3.1 Namespace URI and other declarations necessary for using this package 5 Every SBML Level 3 package is identified uniquely by an XML namespace URI. For an SBML document to be able 6 to use a given SBML Level 3 package, it must declare the use of that package by referencing its URI. The following 7 is the namespace URI for this version of the Flux Balance Constraints package for SBML Level 3 Version 1:
In addition, SBML documents using a given package must indicate whether understanding the package is required 10 for complete mathematical interpretation of a model, or whether the package is optional. This is done using the 11 attribute required on the <sbml> element in the SBML document. For the Flux Balance Constraints package, the 12 value of this attribute must be set to "false".
13
The following fragment illustrates the beginning of a typical SBML model using SBML Level 3 Version 1 and this 14 version of the Flux Balance Constraints package:
<sbml xmlns="http://www.sbml.org/sbml/level3/version1/core" level="3" version="1" 
Primitive data types 21
Section 3.1 of the SBML Level 3 Version 1 Core specification defines a number of primitive data types and also uses 22 a number of XML Schema 1.0 data types (Biron and Malhotra, 2000) . More specifically we make use of integer, 23 double, string, SId and SIdRef. In addition we make use of a new primitive: the enumeration FbcType, see 24 Figure 1 for the interrelation between these entities.
25
The SId type is used as the data type for the identifiers of GeneProduct (Section 3.5), GeneProductRef (Section 3.11),
26
GeneProductAssociation (Section 3.9), FluxObjective (Section 3.7) and Objective (Section 3.6) 
The extended Model class 1
The SBML Model class is extended by adding a mandatory boolean attribute strict as well as optional lists: 2 listOfObjectives and listOfGeneProducts. A Model may contain at most one of each of these lists. The attribute strict
1
The mandatory attribute strict, of type boolean, is used to apply an additional set of restrictions to the model. This is accomplished by defining a set of restrictions which come into effect if strict is set to "true": have their constant attribute set to "true" and its value attribute set to a double value which may not be 11 "NaN".
12
■ SpeciesReference elements of Reactions must have their stoichiometry attribute set to a double value that
13
is neither "NaN" nor "-INF" nor "INF". In addition their constant attribute must be set to "true".
14 ■ InitialAssignment elements may neither target the Parameter elements referenced by the Reaction attributes 15 lowerFluxBound and upperFluxBound nor any SpeciesReference.
16
■ All defined FluxObjective elements must have their coefficient attribute set to a double value that is nei-17 ther "NaN" nor "-INF" nor "INF".
18
■ A Reaction lowerFluxBound attribute may not point to a Parameter with a value of "INF".
19
■ A Reaction upperFluxBound attribute may not point to a Parameter with a value of "-INF".
20
■ For all reactions, the value of a lowerFluxBound must be less than or equal to the value of the upperFluxBound. 21
While it is not compulsory for a 'strict' FBC model to define an Objective, doing so does does allow it to be formu-lated as an LP and optimized, however, this decision is left to the modeler. Note that all other properties of the 23 elements referred to in this list are as specified in the relevant SBML Level 3 Version 1 Core and FBC specifications.
24
Alternatively, if the value of the strict attribute is "false" then none of these restrictions apply and the model As shown in Figure 1 the ListOfGeneProducts is derived from SBase and inherits the attributes metaid and sboTerm,
6
as well as the subcomponents for Annotation and Notes. The ListOfGeneProducts must contain at least one Gene-
7
Product (defined in Section 3.5). The main unit definitions that should be considered when using the 
Species (extended)
charge: integer {use="optional"} chemicalFormula: string {use="optional"} 
15
The charge attribute 16 The optional attribute charge which contains a signed integer referring to the The optional attribute chemicalFormula containing a string that represents the Species objects elemental com-21 position.
23
<species metaid="meta_M_atp_c" id="M_atp_c" name="ATP" compartment="Cytosol" 24 boundaryCondition="false" initialConcentration="0" hasOnlySubstanceUnits="false" While there are many ways of referring to an elemental composition the purpose of the chemicalFormula attribute 28 is to allow reaction balancing and validation which is particularly important in constraint-based models.
29
The format of chemicalFormula must consist only of atomic names (as in the Periodic Table) or user defined 30 compounds either of which take the form of a single capital letter followed by zero or more lowercase letters.
31
Where there is more than a single atom present, this is indicated with an integer. With regards to order (and 32 enhance inter-operability) it is recommended to use the Hill system order (Hill, 1900 (Hill, , 2012 .
33
Section 3 Proposed syntax and semantics Page 9 of 38 Section 3.5 The FBC GeneProduct class H2O4S C2H5Br BrH C10H12N5O13P3 CH3I The id and name attributes 8 A GeneProduct has a required attribute id of type SId and an optional attribute name of type string. The unique id attribute is required to enable a GeneProduct to be referenced from a GeneProductRef used in a GeneProduc-10 tAssociation.
11
The label attribute
12
The primary purpose of a GeneProduct is to uniquely reference a gene or implied gene product. <species id="s_Rv0649" compartment="Cytosol" hasOnlySubstanceUnits="false" 12 boundaryCondition="true" constant="true"/>
14
Furthermore, it is a highly recommended 'best practice' that a GeneProduct be annotated using the inherited Note how both Objective instances differ in type and each contains different set of FluxObjectives (see Section 3.7).
19
For an example of how the Objective relates to the description of the underlying mathematical model please see
20
Section 4.1.3. 
The FBC FluxObjective class 22
The FBC FluxObjective class is derived from SBML SBase and inherits metaid and sboTerm, as well as the sub-23 components for Annotation and Notes.
24
The FluxObjective class is a relatively simple container for a model variable weighted by a signed linear coefficient.
25
FluxObjective id: SId {use="optional"} name: string {use="optional"} reaction: SIdRef coefficient: double The id and name attributes 26 A FluxObjective has two optional attributes: id an attribute of type SId and name an attribute of type string.
27
Section 3 Proposed syntax and semantics Page 12 of 38 
Units 15
As described above the FluxObjective defined here as n · J where the coefficient (n) is dimensionless and the 16 value (J ) takes the units of the reaction flux i.e., "extent per time". Therefore, the FluxObjective (n · J ) has the unit 17 "extent per time" where the units of reaction "extent" and "time" are defined globally. The attributes lowerFluxBound and upperFluxBound
23
The optional attributes lowerFluxBound and upperFluxBound of type SIdRef are used to specify the lower and 24 upper flux bounds for a Reaction flux.
25
The attributes must refer to an existing Parameter in the model and in the case that equal bounds are required 26 for a reaction, both attributes should point to the same Parameter. The Flux Balance Constraints package specifies
27
Systems Biology Ontology (SBO) terms that can be used to define the character of such a Parameter, please see the 28 appendix describing SBO for more details.
29
Using a Parameter in this way makes it possible for other SBML elements to interact with these parameters de-
30
pending on the value of the fbc:strict attribute of the Model (see also Section 3.3 on page 7).
31
For example, if the value of the strict attribute is "false", even in the case of a constant Parameter (i.e. SBML 32 parameters that have their constant attribute set to "true") the value of a flux bound's value could be calculated 33 using an InitialAssignment. Should the parameter not be constant, then its value can be additionally updated by 34 all SBML Level 3 Version 1 Core constructs (for example EventAssignment, AssignmentRule and AlgebraicRule).
35
However none of the aforementioned applies when the strict attribute is set to "true". To generate a list of (in)equalities for each reaction, out of the references in upperFluxBound and lowerFluxBounds, 2 one first resolves the reference to the underlying Parameter. If they point to the same element, the equality will be 3 of the form:
otherwise two inequalities are to be derived:
In SBML Level 3 Version 1 with FBC Version 2 this is encoded as: 
The FBC GeneProductAssociation class 27
The Flux Balance Constraints package defines a GeneProductAssociation class that derives from SBase and inherits 28 the attributes metaid and sboTerm as well as the subcomponents for Annotation and Notes. As shown in Figure 1 29 the GeneProductAssociation class extends Reaction with one or more genes (or gene products). Where more than 30 one gene (or gene product) is present in an association they are written as logical expressions and thereby related 31 to one another using logical 'and' and 'or' operators.
32
The id and name attributes 33 A GeneProductAssociation has two optional attributes: id an attribute of type SId and name an attribute of type 34 string.
35
The association element 36 Each GeneProductAssociation contains a single Association, however, as described in Section 3.10 an Association 37 is an abstract class that implies that an association will always contain an instance of one of its sub-classes: And,
38
Or or GeneProductRef.
GeneProductAssociation id: SId {use="optional"} name: string {use="optional"} <fbc:geneProduct fbc:id="g_b3670" label="b3670" /> 10 <fbc:geneProduct fbc:id="g_b3671" label="b3671" /> 11 <fbc:geneProduct fbc:id="g_b0077" label="b0077" /> 12 <fbc:geneProduct fbc:id="g_b0078" label="b0078" /> 13 <fbc:geneProduct fbc:id="g_b3768" label="b3768" /> 14 <fbc:geneProduct fbc:id="g_b3769" label="b3769" /> 15 <fbc:geneProduct fbc:id="g_b3767" label="b3767" /> name: string {use="optional"} 
3.11
The FBC GeneProductRef class 6 The Flux Balance Constraints package defines a GeneProductRef class that references a GeneProduct declared in 7 ListOfGeneProducts, a child of Model (see Section 3.5). It is derived from an Association and thereby inherits the 
10
The id and name attributes 11 A GeneProductRef has two optional attributes: id an attribute of type SId and name an attribute of type string.
12
The geneProduct attribute 13 The required geneProduct attribute of type SIdRef references a GeneProduct element declared in the ListOfGene- Figure 9 . This class represents a set of two or more associations that are related in an order independent 'and' 4 relationship.
5
The elements element 6 Each And must contain two or more instances (not necessarily of the same type) of any Association subclass (And,
7
Or, GeneProductRef). for Annotation and Notes as described in Figure 9 . This class represents a set of two or more Association elements 22 related in an order independent 'or' relationship.
23
The elements element 24 Each Or must contain two or more instances (not necessarily of the same type) of any Association subclass (And,
25
Or, GeneProductRef). As shown in Figure 10 this example is a simple four reaction pathway that transforms metabolite IN to OUT. The 6 model was created and analyzed using the SBW Flux Balance FBC implementation and CBMPy (Bergmann, 2012; 7 Olivier, 2012). In SBML each reaction is represented as a chemical process transforming reactants to products, e.g. Using the reagent identity and stoichiometry it is possible to compactly describe this network in terms of its re-20 action stoichiometry as shown in Table 2 create or consume it (the product of the stoichiometric matrix, N and the vector of reaction rates, v).
The formulation of the kinetic model, as shown in Equation 1 is typical of the kind that can already be described Solving this we find that maximization of flux through R2 gives an optimal solution R2 = 1, shown in Equation 3, with one possible solution for J.
Finally we provide the complete model, described above, encoded using the Flux Balance Constraints package: <species id="IN" compartment="compartment" initialConcentration="0" substanceUnits="substance" 11 hasOnlySubstanceUnits="false" constant="false" boundaryCondition="true"/> 12 <species id="OUT" compartment="compartment" initialConcentration="0" substanceUnits="substance"
13 hasOnlySubstanceUnits="false" constant="false" boundaryCondition="true"/> 14 <species id="A" compartment="compartment" initialConcentration="0" substanceUnits="substance" 15 hasOnlySubstanceUnits="false" constant="false" boundaryCondition="false"/> 16 <species id="B" compartment="compartment" initialConcentration="0" substanceUnits="substance" 17 hasOnlySubstanceUnits="false" constant="false" boundaryCondition="false"/> 18 <species id="ATP" compartment="compartment" initialConcentration="0" substanceUnits="substance"
19 hasOnlySubstanceUnits="false" constant="false" boundaryCondition="true"/> 20 <species id="NADH" compartment="compartment" initialConcentration="0" substanceUnits="substance" 
SBML Level 2 Species annotation version 2 45
A variation of the previous syntax that appeared in later models. The SBML Level 3 FBC Species attributes 11 With the adoption of SBML FBC these Species properties can now be unified into a common format.
13
<species metaid="meta_M_atp_c" id="M_atp_c" name="ATP" compartment="Cytosol" 14 boundaryCondition="false" initialConcentration="0" hasOnlySubstanceUnits="false" <parameter id="R_GTHS_l" constant="true" sboTerm="SBO:0000625" value="0" sboTerm="SBO:0000625" /> 50 <parameter metaid="meta_R_GTHS_u" id="R_GTHS_u" constant="true" value="inf" sboTerm="SBO:0000625"> level="3" version="1" fbc:required="false" sboTerm="SBO:0000624"> 8 <model id="fbcSpecExample1" timeUnits="time" fbc:strict="true"> 9 <listOfCompartments> 10 <compartment id="compartment" spatialDimensions="3" size="1" units="volume" constant="true"/>
11
</listOfCompartments> 12 <listOfSpecies> 13 <species id="IN" compartment="compartment" initialConcentration="0" substanceUnits="substance" 14 hasOnlySubstanceUnits="false" boundaryCondition="true" constant="false"/> 15 <species id="OUT" compartment="compartment" initialConcentration="0" substanceUnits="substance"
16 hasOnlySubstanceUnits="false" boundaryCondition="true" constant="false"/> 17 <species id="A" compartment="compartment" initialConcentration="0" substanceUnits="substance"
18 hasOnlySubstanceUnits="false" boundaryCondition="false" constant="false"/>
19
<species id="B" compartment="compartment" initialConcentration="0" substanceUnits="substance" 20 hasOnlySubstanceUnits="false" boundaryCondition="false" constant="false"/> 21 <species id="ATP" compartment="compartment" initialConcentration="0" substanceUnits="substance"
22
hasOnlySubstanceUnits="false" boundaryCondition="true" constant="false"/> 23 <species id="NADH" compartment="compartment" initialConcentration="0" substanceUnits="substance" Formally, the differences are expressed in the statement of a rule: either a rule states that a condition must be true, 6 or a rule states that it should be true. Rules of the former kind are strict SBML validation rules-a model encoded 7 in SBML must conform to all of them in order to be considered valid. Rules of the latter kind are consistency rules.
8
To help highlight these differences, we use the following three symbols next to the rule numbers: The validation rules listed in the following subsections are all stated or implied in the rest of this specification 21 document. They are enumerated here for convenience. Unless explicitly stated, all validation rules concern objects 22 and attributes specifically defined in the Flux Balance Constraints package.
23
For convenience and brevity, we use the shorthand "fbc:x" to stand for an attribute or element name x in the 24 namespace for the Flux Balance Constraints package, using the namespace prefix fbc. In reality, the prefix string 25 may be different from the literal "fbc" used here (and indeed, it can be any valid XML namespace prefix that the 26 modeler or software chooses). We use "fbc:x" because it is shorter than to write a full explanation everywhere we 27 refer to an attribute or element in the Flux Balance Constraints package namespace.
28
General rules about this package 29
fbc-10101
To conform to the Flux Balance Constraints package specification for SBML Level 3 Version 1,
30
an SBML document must declare the use of the following XML Namespace:
31
"http://www.sbml.org/sbml/level3/version1/fbc/version2". 
fbc-10102
Wherever they appear in an SBML document, elements and attributes from the Flux Balance
35
Constraints package must be declared either implicitly or explicitly to be in the XML names- The value of a fbc:id attribute must always conform to the syntax of the SBML data type In all SBML documents using the Flux Balance Constraints package, the SBML object must The value of attribute fbc:required on the SBML object must be of the data type boolean.
12
(References: SBML Level 3 Version 1 Core, Section 4.1.2.)
13
fbc-20103
The value of attribute fbc:required on the SBML object must be set to "false". The following text on the usage of SBO has been extracted from the SBML Level 3 Version 1 Core specification and 2 is provided here for your convenience. Please consult the official documentation for more details. Table 3 : SBML components and the additional types of SBO terms specified in the Flux Balance Constraints package that may be assigned to them. Note that the important aspect here is the set of specific SBO identifiers, not the SBO term names, because the names may change as SBO continues to evolve. See the text and SBO online resources for detailed descriptions on the meaning and usage of these terms.
4
The values of id attributes on SBML components allow the components to be cross-referenced within a model.
5
The values of name attributes on SBML components provide the opportunity to assign them meaningful labels 6 suitable for display to humans. The specific identifiers and labels used in a model necessarily must be unrestricted 7 by SBML, so that software and users are free to pick whatever they need. However, this freedom makes it more 8 difficult for software tools to determine, without additional human intervention, the semantics of models more 9 precisely than the semantics provided by the SBML object classes defined in other sections of this document.
10
An approach to solving this problem is to associate model components with terms from carefully curated con-11 trolled vocabularies (CVs). This is the purpose of the optional sboTerm attribute provided on the SBML class
12
SBase. The sboTerm attribute always refers to terms belonging to the Systems Biology Ontology 
